Thinly laminated sands have been a difficult problem for formation evaluation. It is very easy to miss the pay zone on the logs without additional information such as hydrocarbon shows in the mud logs. This is because each sand lamina is so thin that the petrophysical features of the hydrocarbon are often masked by shale lamina. In Japan, particularly in the Niigata area, the mixture of pyroclastic material with sand (Tuffaceous sand) makes this problem more complicated. The calculated Water saturation (Sw) using the conventional equations, such as the Simandoux and Indonesia equations indicate water even if the zone is producing hydrocarbon.
Introduction
Inspection of cores reveals that shale material may be distributed in formations in three possible ways ( Fig. 1 ):
1. Shale may exist in the form of laminae between which are layers of sand. The Laminar shale does not affect the porosity or permeability of the sand streaks themselves. However, when the amount of Laminar shale is increased and the amount of porous medium is correspondingly decreased, overall porosity is reduced in proportion. 2. Shale may exist as grains or nodules in the formation matrix. This matrix shale is termed Structural shale, and is considered to have properties similar to those of Laminar shale.
3. The shaly material may be dispersed throughout the sand, partially filling the intergranular interstices. The Dispersed shale may be in the form of accumulations adhering to or coating the sand grains, or it may partially fill the smaller pore channels. Dispersed shale in the pores markedly reduces the permeability of the formation.
All of these forms of shale may, of course, occur simultaneously in the same formation. Regardless of the type of shale distribution, the saturation equations proposed in many different area work fine when the fraction of the shale is relatively small. These equations have a general form:
Where α denotes a predominant sand term and γ denotes a predominant shale term. Those equations often indicate a pessimistic value when a particular type of shale becomes dominant and those are recognized as an abnormal resistivity profile in pay sand.
Traditionally, the Indonesia equation is commonly used in Japan. This is because the equation becomes a simple linear form assuming m=n=2 and V 1-V/2 is close to V.
This equation also gives a pessimistic result on Sw in Japan, particularly in the Japan Sea where the formation is often thinly laminated (Submarine turbidity) and the pore spaces are contaminated by the Dispersed shale due to poor sorting of the grains.
In this paper, the Maxwell-Garnet model has been used to examine the respective response to the shale distribution types.
(1) Maxwell -Garnet Model
An equivalent approximation of the saturation equation is provided by the Maxwell -Garnet Model by examining its response to t he various shale distribution types.
The largest benefit of this technique is that it is based on physics, and therefore does not require the extensive core studies on which conventional saturation equations rely.
The primary host is assumed to be uniformly conductive, with a conductivity Cp. The model predicts the effect of spherical pore inclusions on the bulk conductivity. When the spherical inclusions contain conductivity of Csh, the model simulates connected spherical inclusions. The approximation that we use assumes that the primary medium follows Archie's Law, and V is the fractional volume of spherical inclusion (Eq-3).
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The Maxwell-Garnet Model is an ideal model for the prediction of a vuggy formation, for example, since the spherical inclusions take place randomly and inclusions replace grain and pore spaces simultaneously.
However, the application of this model to Dispersed shale and Structural shale is problematic as the spherical inclusions need to be uniformly distributed. Fig-2 shows the inclusions of Structural shale (Vs, Cs) against the primary medium. In the case of Structural shale, only the quartz grains are replaced by the shale and the original porosity ( 0 φ ) in the primary medium is not reduced. To achieve this condition, an additional pore space needs to be included in the primary medium. 
Structural Shale
(Eq-5) is plotted to examine the effect on C t by increasing the Structural shale (Vs). (Fig.A) and (Fig.B) 
Fig.3
The Indonesia equation shows a large difference from the Maxwell-Garnet Model (Fig.C) , particularly when Sw is low, which explains why the low resistivity profile is observed when Dispersed shale is associated with oil bearing sand. After examin ing various saturation equations, (Eq-9) was confirmed to be the best fit to the given conditions (Fig.D) .
Laminated Shale
The Maxwell-Garnet Model is not valid for Laminated shale as the spherical inclusions take place randomly, i.e. not isotropically. However, the equivalent electrical model is known for Laminated shale (Fig-4) .
(2) Integrated Saturation Equation
When three types of shale are associated in the formation, the respective saturation equations (Eq-6, 9, 10) are integrated into one formula (Eq-11). The equation cannot be solved unless VL, VS, and Vd are known, however, V S and V L are merged when Sw=1 (C 0 ) and assuming CL=CS=CSh . Laminated and Structural shale are subject to the same overburden pressure as the bedded shales. On the other hand, Dispersed shale is subject only to hydrostatic, rather than overburden pressure, as it is under suspension in the fluid. For this reason, the Sonic response to the Dispersed shale is assumed to be that of water (DT dis =DT f , Eq-14).
φ is the Sonic porosity with the consideration of the Comp action Factor (CPF).
-φ from the Density-Neutron cross plot.
By comparing the Sonic porosity and Cross plot porosity, V d can be obtained (Eq-15) as well as VLS=VSh-Vd.
(4) Interpretation Example
EXAMPLE-A (Fig.E, F) show the example of the thinly laminated sand of the Teradomari formation, Japan Sea. GR is flat and Density-Neutron never shows the separation over the interval. Deep resistivity never exceeds 5 ohm-m; the use of KCL mud makes SP flat. The log features make it extremely difficult for the log interpreter to decide where to test with a strong gas/oil showing from the mud logs.
The traditional approach to this problem in Japan is the use of the Dt-Ct overlay method in combination with the mud log to decide on the test zone. In this example, zones A and B were tested to find that zone A did not flow while zone B produced both oil and gas.
The new model has been attempted with the same set of input parameters to obtain more meaningful Sw in zones A and B. Also the q-value indicated that more than 50% of the pore space is plugged by the Dispersed shale for zone A, which makes fluid flow difficult. On the other hand, part of zone B is relatively free of Dispersed shale, which enabled hydrocarbon flow.
EXAMPLE-B
( Fig.G) shows the recent example of a well close to the previous example in the same depositional environment. For this well, a CMR * measurement was done, which indicated a high capillary water content in the porosity system.
Irreducible water saturation (Swir) is calculated from the CMR measurement. Then, S wir shows a good match with the q-value, suggesting a petrophysical relation between two parameters, as well as the validity of the q-value iteself.
(5) Conclusions
• The Maxwell-Garnet Model was employed to examine its response to the various types of shales, proving it is effective and follows the scientific method, rather than an empirical approach.
• A new saturation equation is proposed which enables a more realistic result for (Sw) in thinly laminated formations.
• The q-value is also proposed, which is effective for the evaluation of producibility.
• The q-value was confirmed to have a petrophysical relation with the irreducible water saturation (Swir) derived from CMR measurements. 
